The instability of scale factor and null shift are closely related to the change of the light intensity of a total reflection prism laser gyro (TRPLG). To improve the light intensity stability, the light intensity stabilization principle of TRPLG was analyzed, and a mathematical model of light intensity stabilization system was established. Aiming at the problem that original system has a long adjustment time, a series correction method of adding a proportional integral differential (PID) link in the forward channel was adopted. According to the third-order optimal design, the original I-type third-order overdamped system was optimized to the new II-type third-order underdamped system, which ultimately improved the system's dynamic and steady-state performance. Feedforward compensation was used to introduce the light intensity disturbance during the longitudinal mode hopping into the closed-loop system, which realized the full compensation of the light intensity error and improved the light intensity characteristics during the longitudinal mode hopping. Combined with the above two methods, experimental results showed that the new system with feedforward compensation improved the light intensity stability by 32% at constant temperature and by 40% at variable temperature, with the TRPLG's bias stability improved by more than 16% at constant temperature and by 22% at variable temperature.
I. INTRODUCTION
Laser strapdown inertial navigation system has become the mainstream of medium and high precision inertial navigation systems, and its core component is laser gyro [1] - [4] . Total reflection prism laser gyros (TRPLGs) are mainly used in aviation, aerospace and railway measurement fields [5] , [6] . The I42-1-C strapdown inertial navigation system based on TRPLG has been widely used in civil aircraft IL-96-300 and TU-204 [7] .
TRPLG is a high-precision angular rate sensor with a total reflection prism laser as its core device, which has the advantages of a small lock area, high reliability, long service life, The associate editor coordinating the review of this manuscript and approving it for publication was Yang Tang .
etc. [8] , [9] . There are three major errors in conventional two mode active laser gyros: mode locking, scale factor error and null shift [10] - [12] . The use of various advanced algorithms to suppress gyro error is an effective means to balance cost and accuracy. Mode locking is caused by a weak coupling mechanism between the two otherwise independent traveling waves, which causes backscattering from one wave into the other, mostly at the mirrors due to surface imperfections [13] . Some compensation techniques had been developed to rectify this error [14] - [16] . Scale factor error refers to variations in the scale factor as a function of the rotation rate [17] , [18] . Null shift happens when the frequency difference is nonzero for zero input rate, it can be corrected by temperature compensation techniques and other composite signals compensation techniques based on least squares support vector VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ machine [19] - [22] . Studies have shown that the change of light intensity is closely related to the scale factor error and null shift [23] - [25] . The light intensity stability is an important factor affecting the performance of laser gyro [26] , [27] . Ma et al. [28] studied the influence of the gain-to-loss ratio on the light intensity tuning curve of laser gyro, and gave a reasonable value of the laser gyro gain-to-loss ratio under different cavity lengths to ensure that the gyro's lightemitting bandwidth is approximately equal to its adjacent longitudinal mode spacing. Han et al. [29] found that there was a deterministic relationship between the bias deviation of the unbalanced current and the performance of the gyro, thus controlling the parameter to improve the yield of the gyro. Zhao et al. [30] obtained the measures to reduce the mode deviation by studying the mechanism of the modescanning curve, which improved the optical path stability and the light intensity stability. The above research objects are all mirror-type laser gyros, which all use high-voltage direct current (DC) excitation to control the light intensity by stabilizing current. The TRPLG adopts low-voltage highfrequency excitation, and the ignition voltage is much lower than the DC discharge, which does not generate Langmuir flow, and can eliminate the null shift caused by the directional flow of various particles in the DC discharge. Jia et al. [31] studied the light intensity control system of TRPLG from the perspective of control theory, simulated the dynamic and steady-state performance of the system under different gains, and provided a reference for gyro debugging. However, the TRPLG's longitudinal mode hops more frequently, and the change of light intensity is also crucial during the longitudinal mode hopping.
In this paper, the control principle of TRPLG light intensity was theoretically analyzed from two aspects: low-voltage high-frequency excitation and gain-loss ratio control. Then, from the perspective of the control system, the mathematical model of the light intensity stabilization system was established. Through simulation analysis, the series correction based on PID link effectively improved the dynamic and steady-state performance of the system under the control input, and the feedforward compensation section completely eliminated the system error of the light intensity disturbance caused by the longitudinal mode hopping. Finally, the correctness of theoretical analysis and simulation were verified by experiments, the light intensity stability of the system and the bias stability of the TRPLG are effectively improved.
II. LIGHT INTENSITY STABILIZATION PRINCIPLE OF TRPLG
Helium-neon (He-Ne) gas is used as the laser medium for the TRPLG, and its discharge pumping process is shown in Figure 1 . The role of the auxiliary gas He is to improve the pumping efficiency. The 632.8 nm, 1.15 um, and 3.39 um laser spectral lines correspond to the 3S 2 → 2P 4 , 2S 2 → 2P 4 and 3S 2 → 3P 4 transitions of Ne respectively.
The laser used in the TRPLG is a 632.8 nm laser. Under certain discharge conditions, the electrons move and are accelerated by the electric field. When the fast electrons collide with ground state He atoms in an inelastic collision, the He atoms are excited to the excited state 2 1 S 0 and slow down. 2 1 S 0 is a metastable state, so it can accumulate a lot of He atoms. When excited He atoms (He * ) and ground state Ne atoms have inelastic collisions, the Ne atoms are excited to the 3S 2 energy level. This process is called resonance energy transfer and can be expressed as He * 2 1 S 0 + Ne 1 1 S 0 → Ne * (3S 2 ) + He 1 1 S 0 + E, the resonance energy transfer collision cross section has increased dramatically with the loss of the energy difference E of the excited state. Since the 2 1 S 0 energy level of He atoms is very close to the 3S 2 energy level of Ne atoms, it has a large resonance energy transfer cross section. The Ne atoms in the lower energy level 2P 4 of the laser transition only come from the electron collisions excitation and the cascade excitation of the higher energy level. Its life is one order of magnitude lower than that of the upper energy level 3S 2 , Therefore, it is easy to establish a population inversion state and realize the continuous laser operation between 3S 2 and 2P 4 energy levels of Ne atoms.
The average light intensity under the quasi-steady state condition is
where is the radiation capture modifier, α, β and θ are Lamb coefficients, β + θ varies slowly with frequency parameter ξ , the main influence on light intensity is the net gain coefficient α.
The net gain coefficient of double isotope refers to (2) .
where G 0 is the peak gain of Ne 20 , γ is a single pass loss, F is the percentage of Ne 20 in the double isotope, F = √ 1.1 (1 − F), ξ is the frequency parameter of Ne 20 , ξ is the frequency parameter of Ne 22 , Z i is the imaginary part of plasma dispersion function. When F = 0.53, i.e., Ne 20 : Ne 22 = 53 : 47, a more symmetric double isotope gain curve can be obtained, as shown in Figure 2 . Its peak ξ m is at 0.44, the corresponding peak gain is G m . ξ is the lightemitting bandwidth, i.e., the region of G m − γ > 0. The light intensity tuning curve is a physical parameter that can be directly measured. Define the gain-to-loss ratio as k 0 = G m γ , Substituting each Lamb coefficient, the average light intensity I (ξ ) can be obtained at this time.
is the ratio of uniform broadening to Doppler broadening, Z r is the real part of the plasma dispersion function, L (ξ ) = η 2 η 2 + ξ 2 is the Lorentz type function. When η = 0.2, λ = 632.8nm and k 0 takes 1.03 and 1.04 respectively, the light intensity tuning curve is shown in Figure 3 . It can be seen that when the gain-to-loss ratio k 0 is increased by 1%, the light-emitting bandwidth ξ is increased by 13%, and the peak of light intensity I m is increased by 33%. The change of light intensity will cause the instability of the scale factor and null shift. To improve the light intensity stability, it is necessary to improve the stability of gain-toloss ratio. The TRPLG adopts low-voltage high-frequency excitation, and the output voltage of the TRPLG's light intensity loop is the intensity control signal of the high-frequency excitation source. The number of inverted particles in the He-Ne gas is controlled by controlling the intensity control signal in real time, thereby realizing the control of the gainto-loss ratio and light intensity. 
III. MATHEMATICAL MODEL OF LIGHT INTENSITY STABILIZATION SYSTEM
The light intensity stabilization system of TRPLG is shown in Figure 4 . The core component is a resonant microcrystalline glass cavity with fused silica glass prisms. The X1 channel is filled with helium neon gas mixed in a certain proportion and a working wavelength of 632.8 nm. The laser is generated under the action of an ignition transformer and high-frequency oscillator. X2 and X4 are vacuum channels, and the X3 channel is filled with dry air. The refractive index of the air is changed by connecting the heater to stabilize the resonant frequency of the cavity. The parts marked as I, II, III and IV in the figure are prisms, which are sealed by a protective cover to keep their surfaces clean. Total reflection occurs at the prism's large inclined plane, thus ensuring minimum beam loss.
The beat-photocurrent signal is used as a DC light intensity feedback signal after photoelectric detection and amplification, half wave rectification, low-pass filtering and analog-todigital conversion (ADC). The light intensity reference signal is generated by the field-programmable gate array (FPGA), it subtracts the DC light intensity feedback signal to get the error signal, which is processed by an integrator to generate a digital voltage signal. The signal is subjected to digital-toanalog conversion (DAC) and power amplification to obtain an intensity control signal of the high-frequency oscillator, thereby achieving the control of light intensity.
In the light intensity stabilization system, the power amplification, high-frequency oscillator, resonant cavity, photoelectric detection and amplification respond quickly to the input signal, which can be approximated as some proportional links, i.e., K 1 , K 2 , and K 3 . Half wave rectification part is an inertia link with a transfer function of K 4 (T 1 s + 1), where T 1 = 0.00056s. The low-pass filtering is a firstorder resistor-capacitor (RC) filter with a transfer function of 1 (T 2 s + 1), where T 2 = 0.0033s. Traditional integrator is adopted, and its transfer function is 16.838 s. Light intensity disturbance caused by longitudinal mode hopping is given by N (s). Therefore, the structure diagram of light intensity stabilization system of TRPLG is shown in Figure 5 .
The open-loop transfer function of the system is defined as:
where the open-loop gain K 0 = 16.838 × K 1 K 2 K 3 K 4 . VOLUME 8, 2020 The closed-loop transfer function of the system under the input of the control is defined as:
The transfer function of the system error under the input of the control is defined as:
The transfer function of the system error under the input of the disturbance is defined as:
The above equations were used to establish a mathematical model of the system. Further analysis and improvement of the performance of the system can be carried out on the basis of this model.
IV. ANALYSIS AND IMPROVEMENT OF LIGHT INTENSITY STABILIZATION SYSTEM A. SERIES CORRECTION UNDER THE INPUT OF THE CONTROL
To identify model parameters, we disconnected the negative feedback and made u (t) as an input and u f (t) as an output, thereby K 1 K 2 K 3 K 4 = 4.620 can be obtained by step response curve method. After substituting each parameter, the closedloop transfer function of the system is O (s) = 77.792 1.848 × 10 −6 s 3 + 0.00386s 2 + s + 77.792 (8) The system is stable according to the Rolls stability criterion. Under typical external action, a stable system will enter a steady state after a certain period. The steady-state error of the system is a measure of the control accuracy of the system [32] . According to the stability theory of the linear system, the steady-state error of the system is zero at the step input. The quality of a system includes its dynamic performance in addition to its steady-state performance. The dynamic performance of the system is measured on the basis of step input response of the system. According to (8) , the unit step input response curve of the original system is shown in Figure 7 . The values of adjustment time t s = 0.0288s and overshoot σ % = 0% indicated poor dynamic performance.
To rectify poor dynamic performance of original system, a method based on series correction was adopted, the structure diagram of new light intensity stabilization system is shown in Figure 6 . The transfer function of the series correction section was designed as
where proportional integral differential (PID) parameters are K p = (τ 1 + τ 2 ) T (10)
The third-order best design method was adopted, let τ 2 = T 2 , made the open-loop transfer function of the new system as follows
where the open-loop gain K = K 0 T , T = 8K 0 T 2 1 , τ 1 = 4T 1 . The closed-loop transfer function of the new system is defined as:
The transfer function of the new system error under the input of the control is defined as:
The transfer function of the new system error under the input of the disturbance is defined as:
The parameters of the series correction section are shown in Table 1 . According to (14) , the unit step input response curve of the new system can be obtained, and it is shown in Figure 7 . In general, high-order system exchange response speeds by sacrificing overshoot, the values of adjustment time t s = 0.00825s and overshoot σ % = 43% indicated good dynamic performance compared to the original system. In addition, we also compared the original system with the new system from the frequency domain performance, bode diagram is shown in Figure 8 . The new system had higher gain in the low frequency band and a wider mid-range, indicating good performance. Overall, the performance of the new system was better than the original system ( Table 2) . 
B. FEEDFORWARD COMPENSATION UNDER THE INPUT OF THE DISTURBANCE
The optical path length of the TRPLG is greatly affected by the temperature, so the longitudinal mode of laser hops frequently during the working process, especially in variable temperature environment. When the longitudinal mode hops, the light intensity will be disturbed to a certain extent, approximating a ramp signal or acceleration signal. According to the stability theory of linear system, the steady-state error of the original system is −A K 0 at ramp input N (t) = At, and it is ∞ at acceleration input N (t) = 1 2At 2 . Simultaneously, the steady-state error of the new system is zero at ramp input N (t) = At, and it is −A K at acceleration input N (t) = 1 2At 2 . The new system can theoretically improve the steady state performance of the system, but system error cannot be completely eliminated.
To completely eliminate the system error caused by the disturbance and improve the light intensity stability, a feedforward compensation section was used to introduce the light intensity disturbance signal into a closed loop through the feedforward channel. The transfer function of the feedforward compensation section G c2 (s) was designed so that the system output was not affected by the light intensity disturbance. The structure diagram of new light intensity stabilization system of TRPLG based on feedforward compensation is shown in Figure 9 .
Under the input of the light intensity disturbance N (t), the system error is as follows:
, then E N (s) = 0, indicating full compensation for the system error caused by the light intensity disturbance, which will improve the light intensity stability of the overall response process. Since therefore, the discretization form of the feedforward compensation section in the FPGA is
where T s is the sampling time.
To clearly compare the response process of systems under the input of ramp disturbance and acceleration disturbance, the original system, the new system and the new system with feedforward compensation were used to simulate under the ramp disturbance (N (t) = 100t) and the acceleration disturbance (N (t) = 500t 2 ) respectively. The unit step input signal was added at time 0, and the disturbance signal was added at 0.08 seconds. The ramp disturbance response is shown in Figure 10 , and the acceleration disturbance response is shown in Figure 11 . It could be seen from Figure 10 , the steady-state value of the original system under the ramp disturbance was 2.286 V, and thus the steady-state error was -1.286 V. The maximum disturbance output of the new system under the ramp disturbance was 1.048 V, that is, the maximum error was -0.048 V, which tended to be stable after 0.018 seconds, and the steady-state error was zero. Conversely, the error of the new system with feedforward compensation was zero during the entire ramp disturbance.
Similarly, as we could see from Figure 11 , the error of the original system showed a tendency to divergence under the acceleration disturbance, and it tended to ∞ with the increase of time. The steady-state value of the new system under the acceleration disturbance was 1.003 V, and thus the steadystate error was -0.003 V. Conversely, the new system with feedforward compensation was not completely affected by the acceleration disturbance.
Therefore, theoretical analysis and simulation results were consistent, indicating that the original system and the new system had different degrees of error under the ramp disturbance and acceleration disturbance, and the new system was better than the original system. Furthermore, the new system with feedforward compensation had the advantage of full compensation for the system error caused by disturbance, and could improve the light intensity stability theoretically.
C. ANALYSIS AND DISCUSSION OF EXPERIMENTAL RESULTS
To further verify the theoretical analysis and simulation, the original system, the new system and the new system with feedforward compensation were used to test the performance of a type 70 TRPLG in the full temperature range. It was tested for 2 h at constant temperature and for 4 h at variable temperature at a rate of 1 • C/min. The TRPLG used in the experiment is shown in Figure 12 . The acquisition of the disturbance was in longitudinal mode hopping period, and the disturbance was considered to be zero at other times. The comparison of light intensity characteristics at room temperature is shown in Figure 13 , with the performance comparison in the full temperature range shown in Table 3 and Table 4 . Table 3 described the comparison of gyro performance between original system and new system, Table 4 described the comparison of gyro performance between original system and new system with feedforward compensation.
The number of longitudinal mode hopping of TRPLG can be measured by the number of heater voltage hopping. At a constant temperature, the longitudinal mode generally hops one or two times due to the self-heating characteristic of the TRPLG. The new system with feedforward compensation only turned on feedforward compensation function during longitudinal mode hopping, therefore, we can thought that the new system played a role in the whole work process, and the feedforward compensation function played a role in the longitudinal mode jumping period. Compared to the original system, the new system with feedforward compensation decreased the fluctuations in the light intensity and also improved the light intensity disturbance caused by the longitudinal mode hopping.
The experimental results showed that the new system could improve the light intensity stability by 30% compared to the original system, with the TRPLG's bias stability improved by more than 15% (Table 3 ). Furthermore, the new system with feedforward compensation could be used to improve the light intensity stability by 32% at constant temperature and by 40% at variable temperature, with the TRPLG's bias stability improved by more than 16% at constant temperature and by 22% at variable temperature (Table 4 ). It could be clearly seen that the new system with feedforward compensation and the new system were substantially equivalent at constant temperature. However, the new system with feedforward compensation was better than the new system in improving light intensity stability at variable temperature.
Base on the above results, we compared the TRPLG output of the new system with feedforward compensation and the original system at a constant temperature and a variable temperature. TRPLG output is shown in Figure 14 . Compared to the original, the new system with feedforward compensation effectively decreased the fluctuations in TRPLG output (Figure 14 ).
V. CONCLUSION
The light intensity of TRPLG is closely related to the gain-to-loss ratio of the dual-isotope light intensity tuning curve. TRPLG controls the intensity control signal of the high-frequency excitation source to realize the control of the gain-to-loss ratio and the light intensity. The light intensity stabilization system of the TRPLG can be approximated as an I-type third-order overdamped system with long adjustment time and poor stability. It has poor anti-interference ability under the action of light intensity disturbance caused by longitudinal mode hopping. These will affect the light intensity stability of the system.
The new system used a series correction method to add a PID link to the forward channel. The third-order optimal design was adopted to improve the system's rapidity while enhancing the system's anti-interference ability under the action of light intensity disturbance caused by longitudinal mode hopping. On this basis, the disturbance was introduced into the closed-loop system through feedforward compensation section, eliminating the change in light intensity caused by longitudinal mode jumping. These measures could improve the light intensity stability of the system theoretically, and the experiment also verified the correctness of the theoretical analysis and simulation. At constant temperature, the new system with feedforward compensation improved the light intensity stability by 32% compared to the original system, with the TRPLG's bias stability improved by more than 16%. At variable temperature, the new system with feedforward compensation improved the light intensity stability by 40% compared to the original system, with the TRPLG's bias stability improved by more than 22%. The research results provided an important reference for the further improvement of TRPLG performance. 
